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Abstract
this study, ultrasonic assisted extraction of polyphenol-rich substances was performed using a 38% ethanol

Polypehnol is an important, potentially bioactive component of Sargassum muticum. In

solution at a solid:liquid ratio of 1:30 at 68°C for 32 min, determined by single-factor and response surface
methodology (RSM) optimization. The content of polyphenol was 5.66 mg/g in the crude extract. Further
extraction showed that the polyphenol mainly distributed in ethyl acetate (SKEE) and water phases (SKEW).
The anti-oxidation test by electron spin resonance (ESR) spectrum showed that the SKEE had the strongest
scavenging activity on DPPH (1,1-diphenyl-2-picrylhydrazyl) and alkyl radicals. SKEE was shown non-
cytotoxic but could inhibit the generation of cellular ROS, showing protective effects in H,O, and AAPH-
induced Vero cells and UV-B irradiated HaCaT cells. SKEE also significantly inhibited the release of NO of
LPS-induced RAW 264.7 cells. Therefore, the polyphenol-rich extracts in ethanol and ethyl acetate showed
excellent anti-oxidant and anti-inflammatory activities, which is beneficial to the development of high-value

bio-substances.
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1 INTRODUCTION

Sargassum muticum is a brown alga native to the
Western Pacific coast. S. muticum is economic
seaweed in East Asian countries, widely used as
gelling agents and emulsifiers in food and aquaculture
(Milledge etal., 2016; Puspitaetal.,2017). S. muticum
is an invasive seaweed, also widely distributed in the
European Atlantic and western North American coasts
(Puspita et al., 2017). Similar to other species of
brown algae, S. muticum is rich in bioactive substances
including fucoidan, alginate, phenols, unsaturated
fatty acids, minerals, and vitamins (Terme et al.,
2017). Therefore, algal extracts can be used to prepare
functional food, aquatic feed, medicines, and cosmetic
additives (Milledge et al., 2016). Polyphenol is an
important secondary metabolite produced via the
acetate-malonate pathway in brown seaweed (Zhang
et al., 2018). Unlike the polyphenols found in

terrestrial plants, the polyphenols in brown algae are
polymerized by phloroglucinol repeating units. The
linkages between phloroglucinol units are mainly
ether or phenyl bonds. Recently, up to 150 kinds of
polyphenols have been identified (Lopes et al., 2018).
The molecular weight of polyphenol from S. muticum
is reported to be 5000-14 000 Da (Puspita et al.,
2017). Similar to other brown seaweeds, its polyphenol
has potential medical application value due to its
excellent bioactivities, including anti-oxidant, anti-
inflammatory, anti-viral, anti-cancer, and anti-wrinkle
properties (Xi et al., 2015; Montero et al., 2016; Song
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etal., 2016).

Reactive oxygen species (ROS) are mainly
comprised of chemical compounds and free radicals,
such as hydrogen peroxide, nitrogen oxide, hydroxyl
radicals, superoxide free radicals, and alkyl radicals
(Fernando et al., 2017). External environmental
factors such as air pollution, ultraviolet radiation,
microbial infection, and bad living habits (smoking,
excessive drinking and high calorie diet), could lead
to enhanced formation of ROS in the body
(Samarakoon et al., 2014), which causes oxidative
stress, results in the peroxidation of functional
proteins, cell membrane lipids, nucleic acids, and
threatens the survival of cells and their organization
(Kang et al., 2015). Inflammation is a common
protective mechanism of organisms infected or
attacked by bacteria, viruses, and allergens (Sanjeewa
et al., 2016a; Sanjeewa et al., 2017). In a previous
study, inducible nitric oxide synthase (iNOS) and
cyclooxygenase (COX-2) were seen to be expressed,
releasing nitric oxide (NO) and prostaglandin E2
(PGE2), respective in macrophages (Sanjeewa et al.,
2016b). The excessive accumulation of inflammatory
factors NO and PGE2 can cause cytotoxicity, resulting
in pathological changes and even cancer Wijesinghe
et al., 2014). It is reported that inflammatory stress
strongly upregulates ROS, which directly enhances
the production of tumour necrosis factor (TNF-a)) and
interleukin  (IL), leading to oxidative stress
complications (Kim et al., 2014a; Kang et al., 2015).
Preparing natural polyphenols with antioxidant and
anti-inflammatory properties from seaweed is
conducive to the development of functional foods and
medicines, therefore promoting improvement in
human health.

Polyphenols are usually extracted using methanol
or ethanol solutions (Kim et al., 2013), and then
further purified by ethyl acetate (Kang et al., 2013).
The traditional extraction method involves a large
amount of solvent and time, which is not suitable for
a rapid preparation of polyphenols. The aim of this
study was to discover a fast and effective way to
obtain polyphenol components with good bioactivity.
Polyphenols from S. muticum were extracted using
ethanol solution assisted by ultrasonication. The
extraction conditions were optimized by a response
surface methodology (RSM) experiment. The extract
was then further separated using n-hexane, trichloro
methane, and ethyl acetate. The antioxidant and anti-
inflammatory activities of the samples were evaluated
by ESR spectroscopy and cell culture experiments.

2 MATERIAL AND METHOD
2.1 Chemicals and reagents

1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,2'-azobis-2-methyl-propanimidamide (AAPH),
lipopolysaccharide (LPS), dimethyl pyridine N-oxide
(DMPO), 0-(4-Pyridyl 1-oxide)-N-tert-butylnitrone
(POBN), Dulbecco’s modified eagle medium
(DMEM), fetal bovine serum (FBS), 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium  bromide
(MTT), phosphate buffer saline (PBS, pH 7.4),
dimethyl sulfoxide (DMSO), fluorescent probe
2'7"-dichlorodihydroflurescin diacetate (DCFH-DA)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2 The extraction of a polyphenol-based substance

Sargassum muticum was rinsed with clean water
repeatedly to remove the impurities on the surface
and then oven-dried at 40°C for 24 h. The dried
seaweed was smashed and sieved through a 0.18-mm
mesh. The extraction of the polyphenol-rich substance
from S. muticum was performed in an ultrasonic
cleaning bath, with an output power and irradiation
frequency at 200 W and 40 kHz, respectively. The
effects of ethanol concentration, ultrasonic time,
ultrasonic temperature and liquid-material ratio on
the extraction yield of polyphenol were investigated.
One variable was studied in each experiment while
the other factors were kept constant. Total polyphenol
content was determined according to the Folin-
Ciocalteu method (Singleton and Rossi, 1965).

2.3 Optimizing the process of extraction by RSM

RSM was used to optimize the extraction parameters
of BBD with three factors at three levels based on
single-factor experiments. Ethanol concentration,
ultrasonic time, and ultrasonic temperature were
selected for the optimization of polyphenol extraction.
Using the Boxe-Behnken method, the whole design
matrix was composed of 17 experiments in random
order. The design of the experiments is given in Table
1. For the three variables, the experimental data of the
system was fitted to the following quadratic equation
(Qiao et al., 2009):
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where Y is the dependent variable and X, X;are the
independent variables; f,, B fi and p; are the
regression coefficients of the independent variables
that were estimated by the model for intercept, linear,
quadratic and interaction terms, respectively. Design-
Expert 8.0 was used for statistical analysis of variance
for each response and for predicting the optimal
conditions for the extraction.

2.4 The fractionation of biological substances

After ethanol solution extraction, n-hexane,
trichloro methane and ethyl acetate were used to
separate biological substances, respectively. First,
n-hexane was used to extract and the upper layer was
collected, denoted as SKEH. Then, trichloro methane
was applied and the lower layer was collected,
denoted as SKEC. Lastly, ethyl acetate was used and
the upper layer was collected, denoted as SKEE. The
remaining water layer was denoted as SKEW. The
content and distribution of polyphenol in each phase
were determined by the FC method.

2.5 Electron spin resonance (ESR) experiment

In this study, the scavenging activity of ethanol-
extracted samples on the DPPH, hydroxyl radical and
an alkyl radical was determined on a JES-FA 200
ESR spectrometer (JEOL Ltd., Tokyo, Japan).

DPPH solution was prepared using methanol at a
final concentration of 60 pmol/L. Then, 60 uL of
DPPH and 60 pL of extracted samples (final
concentration of 100-500 pg/mL) were mixed. After
2 min of reaction at 25°C, the reaction liquid was
transferred to a 50-uL capillary and measured in the
ESR instrument. The conditions were as follow:
power 1 mW, amplitude 500, modulation width
0.8 mT, sweep field width 10 mT, scanning time 30 s,
the time constant 0.03 s and temperature 25°C.

The alkyl radical scavenging reaction system
contained 20 pL of distilled water, 20 pL of extracted
sample (final concentration 50-250 pg/mL), 20 uL of
AAPH solution (40 mmol/L) and 20 uL of POBN
solution (40 mmol/L). After mixing, the reaction was
finished at 37°C for 30 min, then the reaction liquid
was transferred to and measured in the ESR
instrument. The determination conditions of ESR
were as follows: power 1 mW, amplitude 1 000,
modulation width 0.2 mT, sweep field width 10 mT,
scanning time 30 s and temperature 25°C.

The hydroxyl radicals scavenging reaction system
contained 20 pL  of extracted samples (final
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Table 1 Response and experiment design of polyphenol
extracted from S. muticum
Experimental factor

R Extraction
un Ethanol

Ultrasonic Ultrasonic yield (mg/g)
concentration (%) time (min)  temperature (°C)
1 50(1) 15(-1) 70(0) 5.24
2 50(1) 30(0) 80(1) 5.37
3 40(0) 30(0) 70(0) 5.63
4 30(-1) 30(0) 80(1) 5.35
5 30(-1) 30(0) 60(-1) 5.54
6 40(0) 30(0) 70(0) 5.71
7 40(0) 30(0) 70(0) 5.69
8 40(0) 45(1) 60(-1) 5.38
9 40(0) 15(-1) 80(1) 5.22
10 30(-1) 15(-1) 70(0) 5.18
11 40(0) 15(-1) 60(-1) 5.26
12 40(0) 30(0) 70(0) 5.74
13 40(0) 45(1) 80(1) 5.23
14 50(1) 30(0) 60(-1) 5.32
15 50(1) 45(1) 70(0) 5.28
16 40(0) 30(0) 70(0) 5.66
17 30(-1) 45(1) 70(0) 5.46

The number in the bracket (1, 0, -1) represents the corresponding level
codes of selected factors.

concentration 50-250 g/mL), 20pulL of DMPO
(0.3 mol/L), 20 uL of FeSO, (10 mmol/L) and 20 puL of
H,0, (10 mmol/L). After 2.5 min of reaction at room
temperature, the reaction liquid was transferred to and
measured in the ESR instrument. The determination
conditions of ESR were: power 1 mW, amplitude 200,
modulation width 0.1 mT, sweep field width 10 mT,
scanning time 30 s, and temperature 25°C.

2.6 Cell experiment
2.6.1 Cell culture

Vero cells were cultured in the RPMI-1640
medium. HaCaT cells and RAW 264.7 cells were
cultured in the DMEM medium. Each medium
contained 10% heat inactivated FBS, 100 pg/mL of
streptomycin and 100 U/mL penicillin. Cells were
cultured at 37°C in an incubator and with a CO,
concentration of 5%.

2.6.2 Cell cytotoxicity test

The cytotoxicity of samples to Vero, HaCaT and
RAW 264.7 were determined by MTT assay method.
The cells were seeded in 96-well plates with a
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concentration of 1x10%/mL, cultured at 37°C for 24 h.
The cells were then treated with 10 pL of sample. The
final concentration of the samples was 25, 50, 100,
200 and 400 pg/mL. Then, 10 pL of PBS buffer (pH
7.4) was added to the blank group. Cells were cultured
at 37°C for another 24 h and 50 pL of MTT solution
(2 mg/mL) was added with a reaction time was 3 h.
After the medium was removed, 150 uL. of DMSO
was added and shaken overnight. The results were
measured at 540 nm. The cell viability of the blank
group was regarded to be 100%.

2.6.3 Anti-oxidant effect of samples on AAPH and
H,0, induced oxidative stress

Vero cells were seeded with a concentration of
1x10%mL in 96 well plates and cultured at 37°C for
24 h. After culturing, the cells were treated with 10 uL
of'samples (final concentration 25, 50, 100, 200 pg/mL)
for 1 hat 37°C. The cells were then treated with 10 uL
H,0, (1 mmol/L)and AAPH (10 mmol/L), respectively.
A part of the cells was stored for 1 h at 37°C, and
10 uL of DCFH-DA solution (500 pg/mL) was added
to determine the amount of cellular ROS. Fluorescent
intensity was determined at an excitation wavelength
of 485 nm and an emission wavelength of 535 nm.
Other cells were cultured for another 24 h at 37°C, and
their cell viability was measured by MTT method. The
cell viability of non-AAPH or H,0, treated group was
regarded to be 100%.

2.6.4 Anti-oxidant effect of samples on UV-B induced
oxidative stress

HaCaT cells were seeded with a concentration of
1x10%/mL in 24-well plates and cultured for 24 h at
37°C. And then cells were treated with 25 pL of
samples (final concentration 25, 50, 100, 200 pg/mL)
for 30 min. After sample treatment, the cells were
washed with PBS and irradiated by UV-B with an
energy of 30 mJ/cm? One part of the cells were
treated with 25 pL of DCFH-DA solution, the amount
of cellular ROS was measured after 30 min reaction.
Other cells were cultured for another 24 h and the cell
viability was determined by MTT method. The cell
viability of non-UVB irradiated group was regarded
to be 100%.

2.6.5 Anti-inflammatory effect of samples on LPS
induced inflammatory stress

RAW 264.7 cells were seeded at a concentration
of 1x105/mL in 24-well plate and then cultured for

24 h at 37°C. The cells were treated with 25 uL. of
samples (final concentration 12.5-200 pg/mL). Then,
25 uL of PBS (pH 7.4) was added to the blank group.
After 1 h of treatment, 25 pL of LPS solution (final
concentration 1 pg/mL) was added and the cells were
cultured for another 24 h. The cell viability was
determined by MTT as described above. The
supernatant (100 uL) was used to determine the
amount of NO by the Griess method, whereby 100 puL
of Griess reagent was added. The results were
measured at 540 nm after 10 min of reaction. The
release of NO in the LPS treatment group was set to
100%.

2.7 Statistical analysis

All the data were performed in triplicate. The data
statistics were completed by SPSS 18.0 software. All
data are expressed as means+tstandard deviation (SD).
The cell viability and ROS, the NO amounts in the
cell experiment were analyzed by one-way ANOVA
combined with Tukey’s B-test. P<0.05 was considered
significant and P<0.01 very significant.

3 RESULT

3.1 Single-factor extraction experiments

The results of single-factor extraction experiments
are shown in Fig.1. The yield of polyphenol increased
along with the increase of ethanol concentration from
20% to 40% and decreased at the concentration higher
than 40%. When the ethanol concentration was 40%,
the yield of polyphenol reached a maximum of
5.66+0.14 mg/g.

When the extraction time was 30 min, the yield of
polyphenol reached a maximum value of
5.69+0.08 mg/g. The extraction yield began to
decrease after 30 min.

The extraction yield of polyphenol increased with
the increase of ultrasonic temperature. However,
when the temperature exceeded 78°C, the ethanol
became volatilized, which was not conducive to the
extraction of polyphenol. Based on this, the extraction
temperature was set at 70°C for the following
optimization experiment.

The yield of polyphenol was found to increase
gradually when the ratio of liquid to material ranged
from 10 mL/g to 30 mL/g. There was a maximum of
5.75£0.10 mg/g at 30 mL/g, and when the ratio of
liquid to material exceeded 30 mL/g, the yield of
polyphenol decreased.
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Fig.1 Effects of extraction conditions on the extraction yield of polyphenol

a. ethanol concentration; b. ultrasonic time; c. ultrasonic temperature; d. ratio of liquid to the material.

3.2 Extraction optimization using RSM

3.2.1 Fitting of the second-order polynomial equation
and statistical analysis

Based on
experiments,

the results of the single-factor

ethanol concentration (30%—50%),
ultrasonic  time (15-45min) and ultrasonic
temperature  (60-80°C) were selected for the
optimization of the polyphenol yield. A group of 17
experiments was executed in analogy with the Box-
Behnken design. The variables of actual and coded
levels as well as of polyphenol yield are shown in
Table 1. A quadratic equation was used to establish a
statistical model to confirm the optimum conditions
and the response of the combined factors. By using
multiple regression analysis on the experimental data,
the yield of polyphenol was obtained using the
following quadratic equation:

Y=5.15-0.164+0.11B+0.58C—0.0645+0.064C-
0.027BC-0.144?-0.26B>-0.15C%,

where Y was the predicted response; 4, B, and C were
the ethanol concentration (%), ultrasonic time (min)
and ultrasonic temperature (°C)

The variance analysis and linear coefficient of the
regression model, the coefficient of the two-item
coefficient interaction and its significance test results
are presented in Table 2. It could be seen from the
analysis of table variance that the large F-value
(35.67) and small P-value (<0.000 1) indicate that the

Table 2 ANOVA of the quadratic polynomial model and
significance test

Sum of Mean F P-value
Source
Squares df Square  Value Prob>F Significance
Model 0.59 9 0.066  35.67 <0.000 1 b
A 0.023 1 0.023 1231 0.009 9 b
B 0.011 1 0.011 595  0.0448 @
C 0.084 1 0.084  45.67 0.000 3 b
AB 0.014 1 0.014 7.79  0.0269 @
AC 0.014 1 0.014 7.79  0.0269 :
BC 0.003 1 0.003 1.64 0.2417
A? 0.079 1 0.079  42.58 0.000 3 b
B? 0.28 1 0.28  153.03 <0.000 1 b
c? 0.10 1 0.10 54.17  0.000 2 b
Residual ~ 0.013 7 0.001 8
Lack of fit 0.005 6 3 0.0019 1.02 04706
Pure error  0.007 3 4 0.001 8
Cor total 0.61 16

CV. %=0.79; R>=09787, Adj R*=0.9512; Pred R>=0.8328; Adep
Precision=14.659. A: ethanol concentration (%); B: ultrasonic time (min); C:
ultrasonic temperature (°C). * P<0.05 (significant);® P<0.01 (highly significant).

experimental design model was satisfactory and that
the effect of the different factors on the yield of
polyphenol was significant. The lack of fit
(0.470 6>0.05) was not significant, indicating that the
fitting degree of the model was successful. The adjoint
determination coefficient (R*,;=0.9512) and the
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Fig.2 Response surface plots of variable parameters on the yield of polyphenol

determination coefficient (R*=0.978 7) of the model
indicate that the model had a small error and high
accuracy. Therefore, the model suggested that the
change of response value could be used to analyze
and pre-test the process parameters of ultrasonic
assisted extraction of polyphenol from S. muticum.

The interaction of the ethanol concentration,
ultrasonic time, and ultrasonic temperature parameters
were significant (P<0.05) in the model, while the
interaction of ultrasonic time and the ultrasonic
temperature was not significant. These data clearly
supported the conclusion that ethanol concentration,
ultrasonic time, and the ultrasonic temperature had a
significant impact on the extraction yield.

3.2.2 Analysis and optimization of RSM

The three-dimensional diagrams of the RSM model
for ultrasound-assisted polyphenol extraction are
shown in Fig.2. When one factor was fixed at a
centered level, the interaction between other factors
could be reflected in the diagrams. It was found that
when the independent variable was at a low level, the
extraction yield increased gradually. However, when
the independent variable exceeded a certain value, the
extraction yield decreased with the increase of the
independent variable.

To further confirm the suitability of the above-
mentioned equation, a validation experiment was
performed. The extraction conditions were adjusted
to an ethanol concentration of 38%, ultrasonic time of
32 min and ultrasonic temperature of 68°C. We found
that the resulting value (5.66 mg/g) was approximately
the same as the maximum predicted value (5.70 mg/g),
clearly demonstrated the aptness of the model under
these conditions. As a result, the model could be

Table 3 Content of polyphenol after fractionation by
n-hexane, trichloro methane and ethyl acetate

SKE SKEH SKEC SKEE SKEW

Sample weight (mg) 54733 76.57 3129 9.95 21.63

Polyphenol content (%)  2.89 0.45 0.23 36.48  41.70
Yield of polyphenol (mg) 15.80 0.35 0.72 3.63 9.02

SKE: ethanol extract; SKEH: n-hexane extraction layer; SKEC: trichloro-
methane extraction layer, SKEE: ethyl acetate extraction layer; SKEW:
water layer.

considered accurate and reliable for predicting the
extraction of polyphenol.

3.3 The fractionation of biological substances

The biological substances were extracted from S.
muticum according to the optimized extraction
condition. The ethanol extraction contained various
components, including polyphenols, pigments,
polysaccharides, and proteins, which showed different
biological activities. In this study, n-hexane, trichloro
methane, and ethyl acetate were used to separate the
ethanol extraction to obtain preliminary purified
biological substances. Table 3 shows that the
polyphenol content in ethanol extract from 3 g
S. muticum powder was 15.8 mg. After extraction by
n-hexane, trichloro methane, and ethyl acetate,
polyphenols were found mainly distributed in ethyl
acetate and water. The content of polyphenols in
SKEE phase was 36.5%, accounting for 23.0% of the
total polyphenols, while the content of polyphenols in
the SKEW phase was 41.7%, accounting for 57.1% of
the total polyphenols. The content of polyphenols in
SKEC was low, but the quantity of dry matter was
large due to pigments. The proportion of polyphenols
in the SKEH phase was the smallest.
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Fig.3 ESR experiments of bio-substances

a. DPPH scavenging activity; b. hydroxyl radical scavenging activity; c.
alkyl radical scavenging activity.

3.4 ESR experiments

The five kinds of biological substances (SKE,
SKEE, SKEW, SKEH, SKEC) all showed a dose-
dependent increase in DPPH scavenging (Fig.3a).
The scavenging activity of SKEE was the strongest.
The scavenging rate was 57.2% at 100 pg/mL. When
the concentration was increased to 200 pug/mL, the
scavenging rate reached 76.7%. The scavenging rate
of SKE was 36.5% and 78.6% at 100 and 500 pg/mL,
respectively. For SKEH, SKEC, and SKEW, the
scavenging rates were 52.5%, 62.1%, and 41.3% at
500 pg/mL, respectively, which is lower than those of
SKE and SKEE.

All the five substances showed excellent scavenging
activity of the hydroxyl radical. As shown in Fig.3b,

0 25 50 100 200 400
Sample concentration (pg/mL)

Fig.4 Vero cell viability after sample treatment
The cell viability of the non-sample treated group was regarded to be 100%.

Table 4 The half scavenging concentration (ICs,, pg/mL) of
five substances on DPPH, hydroxyl radicals and

alkyl radicals
SKE SKEE SKEW SKEH SKEC
DPPH 192.8 87.4 598.8 468.6 356.2
Hydroxyl radical 85.0 92.8 137.4 63.3 73.7
Alkyl radical 186.1 31.3 161.1 93.7 115.9

SKE: ethanol extract; SKEH: n-hexane extraction layer; SKEC: trichloro-
methane extraction layer, SKEE: ethyl acetate extraction layer; SKEW:
water layer.

the scavenging rate of SKE was 83.6% at 250 pg/mL,
while SKEE, SKEW, SKEH and SKEC showed
scavenging rates of 64.6%, 62.8%, 60.1%, and 66.6%
at a concentration of 250 pg/mL, respectively.

All five substances showed a dose-dependent
increase in alkyl radical scavenging, among which
SKEE showed the highest scavenging activity
(Fig.3c). The scavenging rate reached 79.9% and
91.4% at 50 png/mL and 250 png/mL, while those from
SKE, SKEW, SKEC and SKEH were 10.4%, 25.1%,
36.3%, and 45.8% at 50 pg/mL, 69.9%, 65.1%,
76.5%, and 64.7% at 250 pg/mL, respectively.

The half scavenging concentrations of DPPH,
hydroxyl radicals and alkyl radicals (ICs,) of the five
substances are listed in Table 4. The results show that
SKEE had the strongest scavenging activity on DPPH
and alkyl radicals.

3.5 Sample cytotoxicity test

Before testing the bio-activity of samples, it was
necessary to measure the cytotoxicity effect of
samples. The results are shown in Fig.4. For SKE,
when the concentration was less than 200 ug/mL, the
cell viability remained at approximately 90% and
proved to be non-toxic to Vero cells. When the sample
concentration reached 400 pg/mL, cell viability
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Fig.5 Anti-oxidant effect of samples on Vero cells

a. effect of samples on AAPH induced cellular ROS secretion; b. effect of
samples on H,0, induced cellular ROS secretion; c. cytoprotective effect
of samples on AAPH induced cells; d. cytoprotective effect of samples
on H,0, induced cells. Experiments were performed in triplicate and the
means with superscript are significantly different with a non-sample treated
group (*P<0.05 and **P<0.01).

decreased to 83.4%. Similarly, SKEE showed non-
toxic effects at a concentration of 200 pg/mL, while
400 pg/mL of SKEE lead to a drop in the cell viability
dropped down to 78.5%. SKEW proved to be non-

toxic to cells, and even when its concentration reached
400 pg/mL, the cell survival rate was 93.1%. SKEH
and SKEC showed significant toxicity to cells at
200 pg/mL. Therefore, the following experiments
only used the non-toxic samples of SKE, SKEE, and
SKEW.

3.6 Anti-oxidation effect of samples on Vero cells

AAPH is an inducer of alkyl radicals. The
increasing content of cellular ROS induced by AAPH
can cause serious oxidative damage to cells. Figure 5a
shows that the cellular ROS decreased after sample
treatment. The SKEE sample showed the strongest
antioxidant activity. Moreover, when the concentration
was at 200 ug/mL, SKEE effectively inhibited the
production of ROS, and AAPH-induced ROS
production decreased to 15.9%. For SKE and SKEW,
the cellular ROS decreased to 55.1% and 56.7%,
respectively, which were lower than that of SKEE.

H,0, is able to penetrate the cell membrane and
react with Fe?* in the cell. The production of hydroxyl
radical can damage cells. As shown in Fig.5b, the
secretion of cell ROS showed a dose-dependent
decrease, among which SKEE showed the strongest
antioxidant activity. When the sample concentration
was 200 pg/mL, cellular ROS production was found
to decrease to 44.8%. For SKE and SKEW treated
cells, the cellular ROS decreased to 55.9% and 75.3%,
respectively.

Upon the induction of AAPH, the cell viability
significantly decreased. Figure Sc shows the viability
of Vero cells treated by AAPH decreased to 55.1%.
SKE and SKEE protected cells and the cell viability
showed a dose-dependent increase. The oxidative
damage of cells decreased after sample treatment.
When the concentration of SKE and SKEE was
200 pg/mL, the survival rate of Vero cells increased to
74.1% and 86.5%, respectively. The protective effect
of SKEE was stronger than that of SKE. However, the
SKEW sample did not show a significant increase in
cell viability. When the concentration was 200 pg/mL,
the cell survival rate was only 53.8%.

The viability of Vero cells treated with H,O,
sharply decreased to 30.5%, indicating that hydroxyl
radicals are damaging to Vero cells. As shown in
Fig.5d, the cell viability also showed a dose-dependent
increase in the treatment of SKE and SKEE. At the
concentration of 200 pg/mL, the cell viability rate
increased to 55.6% and 58.5%, respectively. For the
SKEW group, cell viability did not change significantly;
the cell viability was only 33.1% at 200 pg/mL.
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Fig.6 Anti-UVB effect of samples on HaCaT cells

a.effectofsampleson UV-Binduced cellularROS secretion; b. cell viability of
HaCaT cells after sample treatment. Means with superscript are significantly
different with a non-sample treated group (*P<0.05 and **P<0.01).

3.7 Anti-ultraviolet effect of samples on HaCaT cells

The cellular ROS produced by normal HaCaT cells
was in a low range, while the 30 mJ/cm? of UV-B
irradiation caused oxidative damage to cells, releasing
large amounts of ROS. When cells were treated with
the extracted samples, the ROS secretion of HaCaT
cells showed a dose-dependent decrease (Fig.6a).
When the treatment dose of SKE, SKEE, and SKEW
was 200 pg/mL, the cellular ROS secretion of HaCaT
cellsdecreasedto 83.5%, 73.9%, and 88.6%, respectively.
SKEE showed the strongest anti-UV effect.

The protective effect of samples on UV irradiated
cells is shown in Fig.6b. The UV-B irradiation
damaged HaCaT cells and cell viability decreased to
63.6%. With the treatment of SKE, SKEE, and SKEW,
the viability of HaCaT cells increased to 73.6%,
74.4%, and 66.1%, respectively, showing that all
three samples had a protective effect on the cells, in
which SKEE showed the strongest anti-UVB
irradiation activity.

3.8 Anti-inflammatory effect of samples on RAW
264.7 cells

LPS can induce inflammatory stress in cells. Large
amounts of NO are produced during the anti-
inflammatory reaction, which directly reflects the
degree of inflammatory stress. The anti-inhibitory

Fig.7 Anti-inflammatory effect of samples on RAW 264.7
cells

a. effect of samples on LPS induced cellular NO secretion; b. cell
viability of LPS induced RAW 264.7 cells after sample treatment.
Means with superscript are significantly different with a non-sample
treated group (*P<0.05 and **P<0.01).

effect of the three extracted samples is shown in
Fig.7a. After treatment with the extracted samples,
NO produced by RAW 264.7 cells showed a dose-
dependent decrease. SKEE showed excellent anti-
inflammatory activity, and the cellular NO decreased
to 52.3% at a concentration of 25 pg/mL. When the
concentration increased to 100 pg/mL, NO production
decreased to 34.0%, which was close to that of the
blank group. For SKE and SKEW, when the sample
concentration was 200 pg/mL, the cellular NO
decreased to 57.8% and 66.7%, respectively. This
shows that SKEE has stronger anti-inflammatory
activity than SKE and SKEW.

As shown in Fig.7b, the viability of RAW
264.7 cells decreased to 77.7% after LPS treatment.
This suggests that the inflammatory stress induced by
LPS caused damage to the cells. The cell viability of
RAW 264.7 cells treated by samples increased to
83.2%, 87.2%, and 82.3% with 25 ng/mL of SKE,
SKEE and SKEW treatment, respectively. This
suggests that the protective effect of SKEE on LPS
damaged cells is better than that of SKEW and SKE.

4 DISCUSSION

In the previous reports, a polyphenol extracted by
methanol solution from S. muticum collected from
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Norway and Portugal showed the highest DPPH
scavenging ability among the tested seaweeds, with
an [Cs; value between 0.41 to 0.46 mg/mL (Tanniou et
al., 2014). Polyphenol extracted by enzymes from S.
muticum showed an ICs, value between 0.6—2.2 mg/mL
on DPPH scavenging (Puspita et al., 2017). Electron
spin resonance (ESR) is suitable for the rapid analysis
of free radicals, and the peak of DPPH, hydroxyl
radicals and alkyl radicals show significant differences
in ESR. In general, the height of the peak is correlated
positively with the content of the free radicals. In this
study, ESR analysis of S. muticum extraction showed
that the ethyl acetate phase (SKEE) possessed the
highest scavenging ability of DPPH and alkyl radicals.
The results indicated that ethyl acetate-soluble
polyphenol exhibited stronger radicals scavenging
activity than water-soluble polyphenol.

Diseases caused by metabolic disorders, such as
skin diseases, liver injury, Alzheimer’s disease,
cardiovascular, cancer, and physiological phenomena,
such as aging and obesity, are all closely related to the
over production of ROS (Kim et al., 2014a; Ko et al.,
2014). In the food industry, lipid peroxidation and
rancidity induced by ROS lead to food safety hazards
(Ko et al., 2013). Although the synthetic antioxidants
butyl hydroxy anisole, propyl gallate, and butylated
hydroxytoluene have strong antioxidant activities,
they are food additives and cannot be consumed in
large quantities (Kang et al., 2014). Therefore,
research on natural antioxidants from S. muticum is
important in the food and pharmaceutical industry.
Namvar et al. (2013) reported that polyphenol from
S. muticum showed dose-dependent reducing power
and inhibition of breast cancer cells. In our study,
SKE and SKEE were not found to have a toxic effect
on Vero cells at concentrations of 200 pg/mL and
showed excellent anti-oxidant activity. Especially for
SKEE, the AAPH and H,O, induced cellular ROS
sharply decreased to 15.8% and 44.8%, respectively.
The viability of Vero cells increased by 42.2% and
92.4% compared to the control AAPH and H,0,
treatment groups, respectively. This suggests that due
to the excellent scavenging activity on radicals, SKEE
significantly protected Vero cells, and could be
developed as a natural anti-oxidant product.

UV-B irradiation destroys the oxidative balance on
the skin’s surface, resulting in skin DNA damage
(Kang et al., 2015; Kim et al., 2017). Heo et al. (2009)
and Ko et al. (2011) both reported that polyphenol
from brown seaweed Ecklonia cava could inhibit the
release of cellular ROS and protect UV-B irradiated

HaCaT cells. Similarity, in our study, SKE and SKEE
extracted from S. muticum both decreased the HaCaT
cellular ROS level. When SKE and SKEE treatment
concentration was 200 pg/mL, the UV-irradiated cell
viability increased 15.9% and 17.0%, respectively,
showing that both SKE and SKEE showed protective
effects on UV-irradiated HaCaT cells.

When RAW 264.7 cells are treated with LPS,
inflammatory stress will occur. The NF-kB pathway
will be activated and transcription factor iNOS will be
up-regulated, results to the release of NO (Fernando
et al., 2016). According to the reports of S. muticum
extraction, 25 pg/mL of dichloro methane fraction
could inhibit the LPS-induced NO product by 86%
(Yoon et al., 2010), the main component apo-9-
fucoxanthinone showed dose-dependent decrease of
NO release, the expression of factor TNF-a and 1L-4
were also inhibited (Yang et al., 2013; Han et al,,
2016). Kim et al. (2014b) reported that the ethyl
acetate fragment of brown seaweed E. cava showed
excellent inhibition effects on iNOS expression and
NO production. In our study, trichloro methane
fraction (SKEC) had toxicity to cells, which limited
its application. However, ethyl acetate fragment
(SKEE) showed non-toxic, the cellular NO production
under 200 pg/mL of SKEE treatment was similar to
that of a non-LPS treatment group. This suggests that
SKEE inhibit the LPS-induced iNOS production,
resulting in a lower cellular NO release in RAW
264.7 cells. SKEE also protected LPS treated cells.
When its concentration was 25 pg/mL, the viability of
RAW 264.7 cell increased 11.3%. This result confirms
the anti-inflammatory effects of SKEE.

In our study, although SKEW contains a relatively
high content of polyphenols, its activity was not ideal.
This may be due to the structure and properties of
polyphenols dissolved in ethyl acetate and water
being different. In a further study, the structures of the
polyphenols will be elucidated for the better
understanding of the relationship between the
structure and bioactivity.

5 CONCLUSION

After the optimization of ethanol extraction and the
fractionation of the bio-substances, polyphenol was
obtained from S. muticum that showed excellent anti-
oxidant and anti-inflammatory activities, among
which SKEE showed the best anti-oxidant and anti-
inflammatory effects, followed by SKE and SKEW,
while SKEH and SKEC were found to be toxic to
cells. The development of polyphenol-rich substance
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is of high value due to their potential utilization in
functional food, medicine, and cosmetics.
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